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Abstract 
Heavy commercial vehicle overloads contribute to premature deterioration of infrastructure and increase road unsafety and unfair 
competition between transport modes and operators. Public authorities and road operators must therefore implement an efficient 
checking system to enforce weights and dimensions at an affordable cost. A large scale project was launched in 2014 by the 
French Ministry of Ecology, Sustainable Development and Sea, in charge of Transport, carried out by IFSTTAR and CEREMA, 
to demonstrate the feasibility of using high speed weigh-in-motion (WIM) systems for direct enforcement of overloaded HCVs. 
This ambitious challenge requires overcoming technological and metrological gaps, and modifying the current legislation. The 
required tolerances are ±5% for the gross vehicle weight, and ±10% for axle loads. None of the existing WIM system matches 
this accuracy for 100% of the vehicles. Therefore the objective is to set up some sorting criteria and algorithms, eliminating the 
weighings outside these tolerances. 
The project is divided into 5 WPs, to characterize WIM sensor response under controlled environment and loading conditions and 
to develop fiber optic WIM sensors, to assess the capability of multiple sensor (MS-) and bridge (B-) WIM systems to meet the 
requirements, to carry long term road tests and to develop type approval procedures for direct enforcement. This paper presents 
results gathered on the accelerated pavement testing facility of IFSTTAR in 2014 with 10 WIM sensors. Some results of B-WIM 
systems are also reported. Perspectives are given how to achieve a WIM system type approval procedure for direct enforcement. 
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Nomenclature 
DGITM general directorate for infrastructure, transportation and sea (French Ministry of Transport) 
GVW gross vehicle weight (equal to the sum of all the axle or wheel loads) 
HCV heavy commercial vehicle 
HS-WIM high speed weigh-in-motion 
LS-WIM low speed weigh-in-motion 
PDF probability density function 
WIM weigh-in-motion 
1. State-of-the-art and challenges of direct enforcement 
1.1. Structure 
The project builds upon previous results of research works carried out by IFSTTAR and Cerema on WIM, e.g. in 
the European project WAVE, Jacob (1999 and 2002), including those carried out since 1996 for the Ministry of 
Ecology, Sustainable Development and Energy (DGITM), allowing the deployment of a WIM network for overload 
screening, Dolcemascolo et al. (2015). The project also builds upon a literature survey of International experiences 
on direct enforcement (Doupal et al., 2012), to decide what could be transposed or adapted in France. 
Today, many countries in North America, Europe and Pacific area, use WIM for overload screening upstream to 
checkpoints, sorting the suspicious vehicles for a static or LS-WIM check on scales approved by the Legal 
Metrology, Jacob and van Loo (2008), Jacob and Feypell-de La Beaumelle (2010). The Netherlands and France first 
coupled WIM systems and video cameras, to identify presumed overloaded vehicles by performing OCR from the 
licenses plates, and use this to profile transport companies frequently cited. Those with frequent presumed 
infringements are targeted for warnings and in company checks. 
The deployment of direct enforcement by HS-WIM systems delivering directly penalties began in Taiwan in 
1998, with large tolerances of 30%, enough to enforce large overloads at that time. After a few years these large 
overloads disappeared and the direct enforcement was stopped. Later, in 2010, it started again with reduced 
tolerances, i.e. 10% on GVW. After 2 years, the number of overloads dramatically decreased, and thus the direct 
enforcement was again suspended. Since 2011 Czech Republic adopted a law authorizing direct enforcement by 
HS-WIM, with tolerances of ±5% for GVW and ±11% for axle loads. Current statistics show that 65 to 70% of the 
heavy vehicles are weighed in these tolerances. The first approved systems were installed but some issues remain to 
be resolved, such as the system reliability, the sorting of vehicles weighed within the tolerances and the 
implementation of penalties, Doupal et al. (2012). 
The DGITM has installed 29 weighing systems (EPM) since 2007, which can identify overloaded vehicles in the 
traffic flow, Marchadour and Jacob (2008). These systems are spread all over the country on highly trafficked roads 
(ı 1,500 trucks/day). They meet three objectives: 
x to preselect suspected (overloaded) vehicles to be checked on a dedicated area with an approved weighing scale 
(static or LS-WIM) approved in the OIML class 5; 
x to target checks in companies from the identified and alleged offending vehicle file; 
x to develop regional check plans from the statistical knowledge of traffic; 
The requirement in France for direct enforcement is getting 100% of the validated measurements within the 
tolerances of the OIML class 5, OIML (2006), or within the confidence interval boundaries of the accuracy class 
A(5) of the COST323European specifications of WIM, Jacob et al. (2002). But 100% of the accepted measurements 
should lay in these tolerances instead of 90 to 95% for a non legal application. The ±5% tolerance for GVW is 
currently accepted for static and LS-WIM instruments approved for enforcement. 
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Increasing this tolerance would likely lead to an increase of overload magnitude, which is currently mostly less 
than 5 to 10%. It would also not comply with the common practice and legislation in force on overload enforcement. 
For axle load, the tolerance will be chosen between ±8 and ±11%. However, a HS-WIM system installed on an 
existing road, cannot weight 100% of the HCVs within these tolerances because of various external factors 
influencing the measurements, and above all the vehicle dynamics. Therefore to qualify a WIM system, it should 
identify by itself the vehicles certainly weighed within the tolerances, and reject the other ones, avoiding any risk of 
penalizing compliant HCVs. 
2. Direct enforcement project 
The project intends to assess the feasibility of direct enforcement by WIM and to prepare its certification. 
IFSTTAR, with the support of CEREMA, is in charge of the technical work packages of the project. The legal 
aspects are under the responsibility of the DGITM. 
2.1. Project content and organization 
A central work package (WP1) covers the certification and type approval procedure. Three research and 
development works packages (WP2 to WP4), and an experimental work package (WP EX) are designed to develop 
solutions and test them to feed the WP1. This WP1 is developed according to the legal metrology and National 
Metrology Laboratory requirements. It will build on the French experience of direct enforcement of speeding, 
spacing and traffic light crossing. Calibration of the systems, quality control of the measurements, and 
organizational and legal aspects will be investigated jointly with the DGITM. Detailed functional specifications of 
the WIM systems will be achieved.  
Calibration techniques including automatic self-calibration will be improved and adapted. “Good weighing” 
indicators based on sorting criteria will be developed to allow a built-in identification of HCVs certainly weighed 
within the required tolerances. This WP is fed by the other WPs.  
The WP2 is divided in two sub packages:  
x The WP2.1 analyze and characterize sensor/pavement interactions and sensor responses to assess performances 
and potential of various marketed sensors, by modeling and testing in laboratory and on road controlled 
conditions, i.e. on a large testing pavement facility. External factors influencing load measurements will be 
analyzed and their influence reduced or eliminated. First results are presented and discussed below. 
x The WP2.2 aims at developing a new optical fiber sensor and WIM system, more efficient and less expensive 
than current WIM systems. 
 
The WP3 investigates MS-WIM solutions (Cebon and Winkler, 1991) for direct enforcement, including the 
design of optimal sensor arrays, criteria and algorithms sorting HCVs weighed within the specified tolerances. 
MS-WIM aims at increasing the proportion of vehicles weighed within these tolerances by coping with the vehicle 
dynamics. 
The WP4, carried out with the support of Cestel, a Slovenian company manufacturing a B-WIM system named 
“SiWIM”, aims at assessing the capability of a B-WIM system (Znidaric et al., 2002) to perform direct enforcement. 
Concrete frames bridges and orthotropic steel bridges are instrumented and used for B-WIM. Other types of 
structures (e.g. girder bridges) may also be used. 
The WP EX contains a 18- to 24-month road trial, involving 3 to 5 WIM manufacturers or vendors providing 
their own systems for testing and improvement or adaptation to direct enforcement. This experimentation is carried 
out on a major motorway (A4) in eastern France operated by SANEF, a concessionary company. Police, weighing 
officers and traffic controllers are also involved. The first 4 WIM systems were installed on the A4 motorway in 
September 2015 and the first tests were done in October 2015. 
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2.2. Project schedule 
The project is divided in two phases of 24 months: the first phase started in January 2014 and intends testing 
a preliminary feasibility of direct enforcement by WIM, overcoming technological obstacles, and at an affordable 
cost, by: 
x validating the repeatability and reproducibility of in pavement mounted sensor response, with a suitable signal 
processing and correction of external factors effects; 
x assessing the homogeneous functioning of a multiple sensor array; 
x studying the feasibility (cost and performance) of an optical fiber WIM system; 
x qualifying a B-WIM system for direct enforcement, with concrete frame bridges and orthotropic steel bridges; 
x developing a self-calibration and built-in sorting algorithms to identify the vehicles weighed within the required 
tolerance; 
x setting the principles of a type approval and certification procedure for the WIM equipments to be used for direct 
enforcement, according to the specifications. 
3. Road sensor solutions 
A major step of this project consists to assess the response and performance of the WIM sensors available on the 
market, in the laboratory, and on site, under controlled test conditions. This should allow to improve the algorithms 
used for the sensor signal processing, and to select suitable signals to meet the required accuracy and tolerances for 
direct enforcement. Sections 3.1 and 3.2 present the first tests performed by IFSTTAR, in the laboratory and on the 
accelerated pavement testing facility. 
3.1. Laboratory assessment of WIM sensors 
A first evaluation of the electro-mechanical response of the WIM sensors has been carried out in the laboratory. 
Two types of sensor (piezo-quartz and piezo-ceramic) have been submitted to cyclic loading tests, using a hydraulic 
testing machine. Two types of tests have been performed, under vertical loading (compression) with the sensor 
laying on a rigid support, and as a 3-point bending tests. Figure 1 presents sectional views of the two types of 
sensors, as installed in the pavement. Figure 2 shows the test set up used for the 3-point bending tests on the piezo-
-quartz sensor. The piezo-ceramic sensor, which has a low stiffness, was placed on a metallic support beam, to carry 
out the 3-point bending tests.  
The sensitivity of the sensors to the longitudinal position of the applied vertical load, and the influence of the 
conditions of the sensor support were analyzed. 
 
Fig. 1. Sectional views of the piezo-quartz et piezo-ceramic sensors, after installation in a pavement. 
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Fig. 2. Test set-up for the 3-point bending test. 
3.1.1. Results of compression test 
This test was performed for piezo-quartz sensor (bar) only. The sensor lies on a rigid beam. The vertical force is 
applied through a cylinder, moved by steps of 25 mm along the longitudinal axis of the sensor. The force was 
applied on 69 points for each frequency. 
 
Fig. 3. Running average for a tire width of 0.25 m and a frequency of 5 Hz. 
The quarz sensitive elements in the piezo-quarz bar are spaced 50 mm apart. For each application point of the 
force, spaced 25 mm apart, the response is given in the Figure 3 (blue marks). The tire imprint is 0.25 m in width 
(brown mark in the Figure 3) and covers 10 application points. A moving average is done on this width to get a tire 
response to the passage of a wheel.  
The sensitivity of the sensor varies longitudinally, depending on the point of application of the vertical load, by 
about 1.7% for the piezo-quartz sensor (table 1), and 5.4% for the piezo-ceramic sensor. 
The response of the piezo-quartz sensor is almost insensitive to the loading location and frequency. By design, 
this sensor is only sensitive to the vertical force applied to its upper side. Reversely, the piezo-ceramic sensor 
response depends on the transducer curvature and on the loading frequency. Therefore, in a pavement, the response 
of this sensor depends on the wheel lateral position, on the vehicle velocity and on the pavement deflection, thus on 
its modulus and indirectly to the temperature. These factors will have to be taken into account to improve the 
accuracy of this sensor. 
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Table 1. Variations of the piezo-quarz sensor sensitivity vs the loading frequency. 
Frequency 5 Hz 10 Hz 20 Hz 
Max 1.73% 1.75% 1.74% 
Min 1.69% 1.71% 1.69% 
Average 1.71% 1.72% 1.72% 
Standard deviation 1.80% 1.30% 1.70% 
3.1.2. Results of the bending test 
In this 3-point bending test, the mechanical and electrical behaviors of the sensors are analyzed, under a positive 
and a negative bending moment, i.e. the sensors are loaded up and down. The response is also measured for various 
loading frequencies, modeling different vehicle velocities. 
Figure 4 gives the normalized deformation. The top graph (below) shows the deformed bar in normal position 
A (B back). Each graph shows the results at the different frequencies on the one hand the measuring points, on the 
other hand the mechanical model adjustments. There were no differences of mechanical behavior related to the 
orientation of the sensor or the stress frequency. 
 
Fig. 4. Deformation of the piezo-quarz sensor vs the load location for each frequency. 
3.2. Experiment on the IFSTTAR full scale accelerated testing facility 
3.2.1. Presentation testing facility 
The accelerated pavement loading facility of IFSTTAR in Nantes is designed to study damage of real pavements, 
under accelerated heavy traffic loading (Figure 5). The circular track is 120 m in length (for a diameter of 38 m), the 
maximum speed is 100 km/h, and the maximum wheel load is 65 kN.  
The experiment was carried out on a thick bituminous pavement consisting of a 7 cm thick asphalt concrete 
wearing course, over 34 cm of asphalt road base, placed on a granular sub base. The deflection meets the 
requirements of the class 1 (excellent site) of the European WIM specifications by COST323, Jacob et al. (2002). 
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Fig. 5. The accelerated pavement testing facility of IFSTTAR in Nantes. 
3.2.2. Sensors installation and instrumentation 
Ten WIM sensors, including piezo-ceramic (by Thermocoax), two types of piezo-quartz (F and G by Kistler, and 
piezo-polymer (by MSI) have been tested. Figures 6 and 7 show the different sensor locations on the test track. 
 
Fig. 6. Locations of the WIM sensors on the test track. 
 
Fig. 7. WIM sensors installed on the test track. 
1420   Bernard Jacob and Louis-Marie Cottineau /  Transportation Research Procedia  14 ( 2016 )  1413 – 1422 
Beside the 10 WIM sensors, vertical strain transducers and temperature sensors were placed in the pavement, and 
8 accelerometers were installed on the 4 arms of the pavement testing facility, to measure the applied dynamic loads. 
Three data acquisition systems have been used in parallel to record all the measurements: 2 ground based 
systems, and one on-board system installed on the pavement testing facility linked to the accelerometers. The 
3 systems were synchronized by four detection cells placed on the four arms of the pavement testing facility, to 
precisely measure the time of passage of the loads on the WIM sensors. 
3.2.3. Experiments phases 
The tests have been carried out in 3 phases: 
x with the 4 arms equipped with single wheels, loaded at 45 kN, 
x also with single wheels, but with variable loads (45 kN and 55 kN) and variable tire pressures (7, 8.5 and 9 bars), 
x with the 4 arms equipped with 4 different wheel configurations: single wheel, dual wheels, tandem, tridem. 
In each phase, series of measurements have been performed, with several speeds, transverse wheel locations and 
temperatures (at different hours of the day), to assess the influence of these factors on each sensor response. More 
than 30,000 measurements (raw signals) have been stored in a database, corresponding to 300 different test 
conditions. Figure 8 shows examples of WIM sensor responses under tandem wheel loading. For the piezo-quartz 
sensor (Figure 8a), the signal returns to zero very quickly after the passage of each wheel, indicating that the sensor 
is very little sensitive to the vertical deflection of the pavement. For the piezo-ceramic sensor (figure 8b), a signal is 
measured well before the wheel comes into contact with the sensor, and the return to zero is also much more 
progressive, indicating a much greater sensitivity to the deflection of the pavement, which makes the analysis of the 
measurements more complex. 
 
 
Fig. 8. Signals of WIM sensors under the passage of tandem axles. 
The analysis of this test results is still in progress, but some conclusions can already be drawn: 
x the repeatability of the response varies between 1% and 2%, depending on the sensor type, but is independent on 
the wheel configuration; 
x the piezo-quartz sensor is, by design, very little sensitive to pavement deformations, while the two other types are 
much more sensitive. The variation with the lateral wheel location reaches 10% to 15% for the piezo-quartz and 
piezo-ceramic sensors, and 35% for the piezo-polymer sensor; 
x the response of the piezo-polymer sensor is strongly affected by the temperature, with variation of up to 60% 
while the temperature varies by 20 °C. 
 
A detailed analysis of sensor response with respect to the dynamic loads remains to be done, in order to assess the 
accuracy of the WIM sensors for the static load evaluation. Comparisons will be carried out between the 
accelerometer measurements and the sensor responses. Based on these expected results, proposals will be made to 
improve the sensor signal processing. 
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Table 2. Coefficient of variation (σ/m) of sensor measurements under the passage of 
a single wheel, at different speeds. 
 Velocity (km/h) 
Sensor type  32.4  50.4   72 
Piezo-quartz type F 1.21%  1.32% 1.79% 
Piezo-quartz type G 1.12%  1.38% 1.28% 
Piezo-ceramic 1.30%  1.44% 1.50% 
Piezo-polymer 1.57%  1.96% 2.21% 
3.2.4. Dynamics loads effects 
The dynamics load effect due to truck modal frequencies have a great influence on the force impact from each 
sensor measurement. Each arm was equipped from 2 accelerometers one on suspended mass and one on moving 
mass. These different accelerometers have been used to evaluate the influence of this parameter. The figure below 
shows the comparison between impacts forces and accelerations. Figure 9 show the effect of suspended mass and 
mobile mass and power spectral density where the ratio between moving mass and suspended mass is about 20.  
  
Fig. 9. Signals of WIM sensors compared Accelerometers under the passage of single axle arm1 on Piezo Quartz 1 and 2 type F. 
3.3. Discussion and conclusion 
The fatigue pavement carrousel of IFSTTAR Nantes is an interesting tool to evaluate the behavior of weigth in 
motion sensors. It can be used to parametric study where we can take account position, speed, pavement 
characteristics and impact forces. These tests showed good repeatability and reproducibility of measurements for all 
three phases. The effect impact forces related to road profile and dynamics between suspended and moving masses 
is a very important part in the result of weight in motion measurement. Knowledge and the measurement of the 
dynamic parameter are critical to significantly improve the accuracy of the measurement. This parameter can be also 
evaluated by sensors in pavement like accelerometers. This is done in this project and data are actually compared 
with sensors installed on pavement carrousel. The next step of this project is the tests site started in October 2015. 
Moreover, the project also interested in the sort function in the WP3 to keep only the measures which the 
overload is 100% guaranteed. This function takes into account the results obtained in tests on pavement fatigue 
carrousel in terms of calibration, shape characteristics signals, lateral position and temperature. The principle of 
multi-sensor weighing is another way to meet the precision criterion. This method is currently used with sensors 
including low-cost piezo-polymer. Cost and accuracy are the terms for automatic WIM. Enforcement weigh in 
motion overloads must appeal to new concepts both in the initial measurement of the sensor as sorting process and 
calibration to ensure accuracy and stability of the system while reducing the cost. This is what the project “CSA 
Overload” has the ambition to make. 
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